Background and Purpose-We studied the natural course of white matter hyperintensities (WMH) and lacunes, the main MRI representatives of small vessel disease, over time and evaluated possible predictors for their development. Methods-Baseline and repeat MRI (3-year follow-up) were collected within the multicenter, multinational Leukoaraiosis and Disability study (nϭ396). Baseline WMH were scored on MRI by the Fazekas scale and the Scheltens scale. WMH progression was assessed using the modified Rotterdam Progression scale (absence/presence of progression in 9 brain regions). Baseline and new lacunes were counted per region. WMH and lacunes at baseline and vascular risk factors were evaluated as predictors of WMH progression and new lacunes. Results-WMH progressed (meanϮSDϭ1.9Ϯ1.8) mostly in the subcortical white matter, where WMH was also most prevalent at baseline. The majority of new lacunes, which were found in 19% of the subjects (maximumϭ9), also appeared in the subcortical white matter, mainly of the frontal lobes, whereas most baseline lacunes were located in the basal ganglia. Baseline WMH and lacunes predicted both WMH progression and new lacunes. Furthermore, previous stroke, diabetes, and blood glucose were risk factors for WMH progression. Male sex, hypertension, systolic blood pressure, previous stroke, body mass index, high-density lipoprotein, and triglyceride levels were risk factors for new lacunes. Conclusion-WMH and lacunes progressed over time, predominantly in the subcortical white matter. Progression was observed especially in subjects with considerable WMH and lacunes at baseline. Moreover, the presence of vascular risk factors at baseline predicted WMH progression and new lacunes over a 3-year period.
C erebral small vessel disease (SVD) is a major cause of vascular cognitive impairment and dementia. 1 White matter hyperintensities (WMH) and lacunes are frequently observed in elderly subjects and are considered to be the main MRI representatives of SVD. 2, 3 Postmortem studies have shown that WMH correspond to heterogeneous pathological substrates with varying degrees of demyelination, arteriolosclerosis, and gliosis representing incomplete infarction, but also tissue degeneration. 4, 5 Lacunes are small cavities located in the white matter or subcortical gray matter. They have been regarded as small ischemic infarcts, but several pathogenetic mechanisms may exist. 6 In cross-sectional studies, both WMH and lacunes have been shown to be associated with vascular risk factors such as hypertension and cardiovascular disease. 3, [7] [8] [9] WMH are clinically important because they are associated with cognitive impairment, gait disturbances, and depression. 10, 11 Although most lacunes appear to be "silent," ie, not accompanied by stroke-like symptoms, they have been associated with subtle cognitive dysfunction. 3 Furthermore, both types of SVD are associated with an increased risk of future stroke. 12 The interest in SVD is gradually shifting from crosssectional studies to longitudinal designs. Earlier studies have assessed possible risk factors and clinical consequences of WMH progression, 11, [13] [14] [15] [16] [17] but little has been reported on the appearance of new lacunes. 18, 19 In this MRI study, we studied the natural course of both WMH and lacunes in a sample of initially independently living elderly, stratified by WMH grade at baseline, over a 3-year period. Furthermore, we investigated which baseline variables predicted WMH progression and new lacunes.
Methods

Patients
Data were collected as part of the multicenter, multinational Leukoaraiosis and Disability (LADIS) study. The LADIS study investigates the role of WMH as an independent predictor of the transition to disability in initially nondisabled elderly. The rationale and design of the LADIS study have been described elsewhere. 20 In short, 639 elderly subjects who had no or only mild disability in their instrumental activities of daily living were enrolled in a hospitalbased setting. Among the reasons for presentation were mild memory loss, minor motor disturbances, minor focal cerebrovascular events, depressive symptoms, or nonspecific reasons for undergoing a cranial neuroimaging study (WMH as an incidental finding). To be included, subjects had to have an age between 65 and 84 years; WMH on MRI of any degree 21 ; no or only mild disability as determined by the Instrumental Activities of Daily Living Scale 22 ; presence of a regularly contactable informant; and agreement to sign an informed consent. Exclusion criteria were likelihood of dropping out because of the presence of severe illnesses, eg, cardiac, hepatic, or renal failure, cancer or other relevant systemic diseases; severe unrelated neurological diseases; leukoencephalopathy of nonvascular origin (immunological, demyelinating, metabolic, toxic, infectious, other); severe psychiatric disorders; inability to provide informed consent; and inability or refusal to undergo cerebral MRI. Subjects were selected and stratified for WMH severity according to the categorization into 3 severity classes of the modified Fazekas scale. 21 Subjects were followed for 3 years.
Risk Factors
To assess vascular risk factors at baseline, a structured data questionnaire was used together with a review of available records by trained medical personnel. The risk factors used in this article are 8, 20 patient demographics (age [years], sex, medical history), history of hypertension (treatment with antihypertensive medications or with values Ն140/90 mm Hg based on measurements taken on several separate occasions), history of diabetes mellitus (treatment with antidiabetic medications or at least 8-hour fasting plasma glucose Ն7.0 mmol/L or 126 mg/dL), clinical history of stroke, atrial fibrillation (based on history and/or available clinical records such as an electrocardiogram), history of myocardial infarction (documented by history, electrocardiogram, or cardiac enzymes), history of hypercholesterolemia (documented by total cholesterol Ͼ200, lowdensity lipoprotein Ͼ130, high-density lipoprotein Ͻ35 mg/dL, and/or hypertriglyceridemia based on serum triglyceride Ͼ200 mg/dL on at least 2 occasions), past or present cigarette smoking (pack-years, defined as packs of cigarettes per day multiplied by years smoked), physical examination, systolic and diastolic blood pressure (mm Hg), body mass index (weight [kg]/height [m] 2 ), and laboratory examination (all in mmol/L)-total cholesterol, highdensity lipoprotein, low-density lipoprotein, triglyceride, and glucose.
MRI Examinations
MRI scanning was performed at baseline (10 centers 1.5 T; one center 0.5 T) and repeated after 3 years using the same protocol. For follow-up evaluation (all 1.5 T), new MRI scanners were used in 3 
Assessment of White Matter Hyperintensities and Lacunes
Baseline WMH assessment and scoring of lacunes and infarcts were performed centrally by a single rater who was blinded to clinical information. The degree of WMH severity was rated visually on axial FLAIR images using the modified Fazekas scale (WMH gradeϭmild, moderate, severe) 21 and the Scheltens rating scale (range, 0 to 84), 23 in which scores 0 to 6 can be given in 13 subcortical regions (subcortical white matter, basal ganglia, and infratentorial region) and scores 0 to 2 for 3 periventricular regions.
To identify lacunes, we used FLAIR, magnetization prepared rapidacquisition gradient-echo, and T2 images. The combination of the 3 scan sequences was used to distinguish lacunes from Virchow Robin spaces and microbleeds. The intensities of lacunes and Virchow Robin spaces are similar to cerebrospinal fluid in all scan sequences, but lacunes mostly have a hyperintense rim around the cavity on FLAIR images in contrast to Virchow Robin spaces. When lacunes present without a hyperintense rim (eg, in the basal ganglia or infratentorial), they can often be distinguished by their size and shape; lacunes are defined as cavities 3 mm to 10 mm and are mostly ovoid/spheroid, whereas Virchow Robin spaces are smaller and follow the vessel (seen on coronal/sagittal magnetization prepared rapid-acquisition gradient-echo). T2 images were used to identify lacunes in the basal ganglia and infratentorial regions, because FLAIR images are less sensitive to detect lacunes in these areas and to distinguish lacunes from microbleeds, because microbleeds are hypointense on T2. Lacunes were scored in 5 brain regions (frontal, parietooccipital, temporal, basal ganglia, and infratentorial). Boundaries of the brain regions on axial slices were defined as follows: the division between frontal and parietal lobes is the central sulcus or at the halfway mark of the brain when the central sulcus is not evident. At and below the level of the splenium, the brain is divided among frontal, temporal, and occipital lobes. Temporal and occipital lobes are divided by 2 lines at a 90°angle extending from the occipital horns or stemming from the aqueduct at lower levels. Eighteen randomly selected scans were scored twice for the determination of the intrarater reliability (Fazekas scale: weighted Cohen's kappaϭ0.84, Scheltens scale: intraclass correlation coefficientϭ0.92). At follow-up, visual rating of WMH progression and new lacunes was performed in a side-by-side fashion blinded to clinical details. WMH progression was rated on FLAIR images according to the modified Rotterdam Progression scale, 24 in which absence or presence of progression (0 and 1, respectively) was rated in 3 periventricular regions (frontal caps, occipital caps, bands), 4 subcortical white matter regions (frontal, parietal, occipital, temporal), basal ganglia, and infratentorial region. New lacunes were counted in the same regions. The intrarater reliability was determined on 20 randomly selected scans that were scored twice (WMH progression: weighted Cohen's kappaϭ0.81, number of new lacunes: intraclass correlation coefficientϭ0.84). During the evaluation of follow-up MRI scans, a misclassification of 22 MRI scans was corrected in the baseline database. This correction does not affect the main results of the baseline analysis but has caused small differences in the numbers of the reported baseline data.
Statistical Analysis
Differences between groups were tested with Student t tests and 2 tests where appropriate. Possible predictors of SVD progression were assessed with logistic regression analyses. The evaluated variables were categorized into patient demographics, medical his-tory (dichotomized into yes/no), physical examination (recoded into quintiles), laboratory examination (recoded into quintiles), and baseline MRI variables (WMH grade, number of lacunes). Dichotomized WMH progression (highest quintile: 0 to 3 versus Ͼ3) and new lacunes (0 versus Ն1) were the dependent variables. First, all analyses were corrected for age, sex, and center. Subsequently, all baseline variables were entered simultaneously.
Results
During follow-up, 43 subjects died and 73 subjects dropped out of the study. Therefore, at 3-year follow-up, 523 subjects could be evaluated clinically of which 43 subjects received a follow-up evaluation with a telephone interview. Thirty subjects were not scanned due to refusal and subjects of one center (47 subjects) could not be scanned because of lack of funding. Thus, follow-up MRI scans were available for 403 patients. Seven scans were excluded because of absent FLAIR images (6 scans) or inappropriate slice positioning (one scan). Therefore, 396 scans could be evaluated for this study (mean scan interval 3.1Ϯ0.3 years).
A baseline description of the study sample is given in Table 1 . The subjects who received a follow-up MRI were younger, had more years of education, had higher MiniMental State Examination scores, and lower Alzheimer's Disease Assessment Scale scores at baseline; and had higher diastolic blood pressure, lower total cholesterol, low-density lipoprotein, triglyceride, and glucose levels than subjects who were not scanned at follow-up. Baseline MRI characteristics were comparable between the groups with and without follow-up MRI.
The relative frequency of the total Rotterdam Progression scores and number of new lacunes are shown in Figure 1 . Over 3 years, WMH increased with 1.9Ϯ1.8 points (meanϮSD) on the Rotterdam Progression scale (one-sample t test: PϽ0.001). The median (interquartile range) of the Rotterdam Progression score was 2 (0 to 3). A score of zero, which indicates no change in WMH, was present in 26% of the subjects, whereas 74% had a score of one or higher, reflecting WMH progression in one or more regions. More specifically, 21% of the subjects showed WMH progression in one region and 53% in at least 2 regions. At follow-up, 81% of the subjects had no new lacunes; one new lacune was present in 11% and 8% of the subjects had more than one new lacune (maximumϭ9). WMH progression was modestly correlated with the number of new lacunes (Spearman's rϭ0.15; PϽ0.01). These results indicate that progression of SVD was present in a considerable proportion of our study sample.
To investigate the spread of WMH through the brain, we compared the regional baseline WMH according to the Scheltens scale (Figure 2A ) with WMH progression (Rotterdam Progression scale; Figure 2B ). At baseline, half of the total Scheltens score was accounted for by hyperintensities in the subcortical white matter, mainly the frontal and parietal lobes. Progression of WMH is also most commonly seen in the subcortical white matter (54%), especially the frontal and parietal lobes, followed by the periventricular regions (33%). These figures roughly indicate that the regional distribution of WMH progression after 3 years is proportional to the distribution of WMH load at baseline. Because the difference in the range of the scales may influence the results of the distribution, we additionally transformed the Scheltens scale to match the range of the Rotterdam Progression scale (regional scores were dichotomized: score 0/1ϭ0; score Ͼ1ϭ1). Overall, results remained comparable with the original scales (data not shown).
Lacunes at baseline and the occurrence of new lacunes were also compared by brain region (Figure 3 ). At baseline, the relative prevalence of lacunes was comparable between the basal ganglia (45%) and subcortical white matter (43%). During follow-up, new lacunes mostly occurred in the subcortical white matter, mainly the frontal lobes (41%), whereas new lacunes were less prevalent in the basal ganglia (28%). In contrast to WMH progression, the regional distribution of lacunes seemed to shift over time. An example of a patient who had lacunes in the basal ganglia at baseline and a new lacune in the frontal lobe is shown in Figure 4 .
To investigate which baseline variables predicted progression of WMH and incidence of new lacunes, we performed logistic regression analyses with baseline variables corrected for age, sex, and center ( Table 2) . Baseline WMH and lacunes predicted both WMH progression (Rotterdam Progression score Ͼ3) and new lacunes. Moreover, history of diabetes, higher blood glucose, and stroke predicted WMH progression. The occurrence of new lacunes was predicted by male sex, history of hypertension, higher systolic blood pressure, history of stroke, higher body mass index, lower high-density lipoprotein, and higher triglyceride. When all baseline variables were entered simultaneously, baseline WMH remained a significant predictor of WMH progression (OR [95% CI]: 2. 
Discussion
In this MRI study, we report 3 main findings. First, we found in a large group of initially independently living elderly, stratified for a wide range of WMH, that both WMH and lacunes progressed over time. Second, WMH progression seems to appear mostly in the subcortical white matter, where WMH was also most prevalent at baseline. New lacunes also preferentially occurred in the subcortical white matter, whereas baseline lacunes were equally prevalent in the basal ganglia. Third, WMH progression and new lacunes were observed especially in subjects with considerable WMH and lacunes at baseline. Moreover, history of diabetes, high blood glucose, and history of stroke predicted WMH progression, whereas for new lacunes, the following risk factors were found: male sex, history of hypertension, systolic blood pressure, history of stroke, low high-density lipoprotein and high triglyceride levels, and high body mass index. ) with absolute number of subjects are depicted. While subscores could not be given in 2 subjects due to bilateral infarcts, the total number of subjects for WMH progression is 394. This study is consistent with earlier publications with respect to the finding that WMH progress over time, mostly in subjects with considerable WMH at baseline. 11, 13, 16, 17, 25, 26 Our results suggest that WMH progression mainly results from an increase of existing WMH, 17 raising the question when the baseline WMH have occurred and in what timeframe. Only 2 longitudinal studies described progression of lacunes. 18, 19 We found that one of 5 subjects had at least one new lacune in 3 years, which was associated with WMH and lacunes at baseline. Our finding of new lacunes in a fairly high proportion of subjects may be related to the stratification by WMH severity, which resulted in a relative overrepresentation of moderate and severe WMH. The regional distribution of lacunes seemed to shift over time because new lacunes occurred mostly in the subcortical white matter, especially in the frontal lobes, whereas at baseline, lacunes were equally prevalent in the basal ganglia. It is tempting to speculate that basal ganglia lacunes could have a different pathogenesis than lacunes in the subcortical white matter. Histopathology studies have proposed several pathogenetic mechanisms for lacunes, including thromboembolism, arteriolosclerosis, blood-brain barrier leakage, Wallerian degeneration, or collapse of sublethally damaged tissue. 6, 27 Differences in lacune morphology may also point to the direction of distinct pathogenetic mechanisms. 28 We found a relation of diabetes, high blood glucose, and stroke with WMH progression. Earlier studies have suggested various risk factors, including diastolic blood pressure, diabetes, smoking, female sex, infarct at baseline, and interstitial cell adhesion molecule level as risk factors for WMH progression. 15, 16, 25, 26, 29 In our study, hypertension was not a risk factor for WMH progression. We have found diabetes as a risk factor, which is consistent with one previous study. 25 In the multivariate model, high triglyceride unexpectedly appeared to protect against WMH progression. Earlier studies also described that vascular risk factors such as hypercholesterolemia, hyperlipidemia, and low body mass index seemed to protect against WMH progression. 16, 17 In addition, some risk factors found after 3-year follow-up were lost at longer follow-up periods. 13 For the appearance of new lacunes, we identified male sex, hypertension, high systolic blood pressure, stroke, high body mass index, low high-density lipoprotein, and high triglyceride levels as risk factors. Again, unexpected associations appeared in the multivariate analyses with high diastolic blood pressure and high low-density lipoprotein protecting for new lacunes.
Strengths of the present study are the large group of subjects and the representation of a broad range of WMH, supplying us with the statistical power to find subtle associations. Although stratification by WMH may hamper the generalizability of the results to the general population, the reasons for referral were those commonly leading to the discovery of WMH in elderly persons, so the LADIS sample likely reflects the patient population with WMH encountered in everyday clinical practice. The high attrition rate could be a limitation of our study because it could have led to a survival bias. Although patients without follow-up MRI had less favorable values for some baseline risk factors than our study population, the baseline MRI variables were comparable. Furthermore, the multicenter design of the study could have led to heterogeneity in the study sample. We have therefore corrected our analyses for the effect of center. Another potential limitation is the use of visual rating scales. Although a fully automated method was preferred over a crude visual method in a single center study, 30 it has never been used in studies with multiple scanners. Automated assessment of WMH progression was difficult to implement in our study and would have led to the exclusion of far more scans. Visual rating scales have proven to be reliable for WMH assessment. 31 We therefore feel that the Rotterdam Progression scale was the method of choice in this study. This scale, designed for side-by-side assessment of WMH progression, was found to be reliable and correlated well with a volumetric method. 24 The nonlinear results, however, are less easily interpretable than absolute volume changes and the side-by-side rating may have resulted in an overestimation of WMH progression. We expect that computerized methods will be available for future multicenter studies. Furthermore, automated methods would provide an objective measure for new lacunes. Although the count of new lacunes was reliable, regional differences in reproducibility may exist because it is conceivable that new lacunes are harder to reproduce in areas with a higher density of lesions.
In this study, we have investigated the natural course over time of WMH and lacunes, 2 MRI representatives of SVD, and established risk factors for their progression. Future studies should be aimed to include other expressions of small vessel disease such as changes in the normal-appearing white matter or microbleeds.
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